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SUhMARY 
# 

The results of an experimental investigation t o  determine the 
damwash in *he region of fihe t r a i l i ng  vortex system behind a , r ec -  
tangular half -wing In a supersonfc stream are presented. The half- 
wing had a n  aspect ratio of 1.667, a 5-percent-thick  symmetrical 
diamond ~2~188 section, Etnd was beveled to a lmife edge at the tip. 
The investigation waa made at  a Mach number of 1.91 azld a Reynolds  
nuuiber of 1.56 x LO6 based on the wing chord. A Kake a m e y  w a s  
also conducted. 

A t  small angles of attack, the experimental spanwlee m i a t i o n  - of -dc/d.a (where Q ie the daKlwash angle and a is the angle 
of attack) generally follared the trends indicated by 1,inearized 
theory based on the assumption that the trailing vortex sheet w88 
undfstorted . A t  higher angles of attack, the downwash f i e l d  wae 
greatly influenced bg the rolling up of the  vortex sheet. At each 
chordwise s ta t ion  t h e  dmuwaah field progreesively changed with 
increasing angle of &tack from that induced by an undistorted 
vortex sheet toward that induced by a cmgletely rol led-up vortex 
sheet. The farm and the location of the vortex aheet wa8 indicated 

5 

by a wake survey. 
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Investigations CCF t he  downwaah behind sectangular wings at  mch 
numbers of 1.53 and 2.41 are reported in  references 4 and 5. In  these 
investigations, the experimental trends & the variaticm of the dawn- 
wash angle with angle of attack a t  zero Uf't were generally found to 
be similar t o  those predicted by linearized theory. The dierplacement 
and distortion of t h e  trailhg vortex sheet were found t o  a e c t  the 
damxash at angle of attack. 

It hw been apparent that a howledge of the  location and 
str-h of the trailing vortex  sheet is required t o  explain,experi- 
mental deviations from the predictions of lfnearized theory. Methods 
for calculating  the  distortion of the trailing vortex  sheet ami its 
erfect on the downwash are diecmsed  in  reference 6. Comparisons 
between theory and experiment of the  distortion of the t r a i l i ng  
vortex  sheet and its effect on t he  dawnwash at  supersonic f l i gh t  
speede, however, remain scmce. 

For a more thorough knowledge of the  chmacteristios of the 
t r a i l i ng  vortex  sheet, the damwash in  the vicinity of the wake has 
been investigated in an experjmental program at the NACA Lewis 
laboratory. The first part of thie investigation is reported i n  
reference 7, wherein theoretical an& saperlmantal vduee of' the d m -  
wa8h i n  the wake region of a trapezoidal w i n g  a t  et Mach number of 1.91 
are ompared. Erperimental deviationa fram the  linearized downwash 
values are  attributed t o  differences between the  theoretioal and 
actual spanwise distributfcma of shed vortioity and to   the   d i s tor t ion  
of the vortex sheet  in  the form of a rotation about the cent& of the 
theoretical  vortex  sheet. The second part of the  investigation, 
concerning the downwash behind the t i p  region of a rectangular wing 
at a Mach number of 1.91, is dieouesed herein. 

The downwash inveetigation waa conducted i n  t&e NACA Lmie  
18- by 18-inch eupersonlo wind tunnel. The free-stream Mach nuniber 
in the region of the wing and of the downwash survey was 1.91 fO.01. 
The Reynolds number was 1.56 x IO6 baeed on t h e  x-ing chord.. 

The model wa8 a rectangular  hau-wing (fig. 1) with a 5-percent- 
t u c k  symmetrical d i m d  croaEi section, a 10-inch aemiapan, and a 
6-inch  chord. The wing, machined frm SAE 4140 steel, had finished 
surfaces ground t o  16 microinches and knife edgers at the leading, 
t ra i l ing,  and side edges. The wing w88 mounted on the tunnel wal l  
and could be pivoted  about the midpoint of the root chord, 
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Five wedgee with static-preasure  orifices 011 each face  (figs. 2 
and 3 ( a ) ) ,  mounted with centers 7/8 inch apart, were used t o  me88u-e 
the downmmh =lea. The support sptem and mechanism f o r  changihg 
wedge angle of .attack (f is. 1 and 3(a) 1 described in reference 7 
were a l so  used, although the support system waa slightly modified 
to allar the wedge posit ion  to be changed i n  7/16-inch  increments i n  
the s-parrwise (y) directfon. Five tetrabrmoethane U-tube manometere, 
one connected to each xedfge, were used t o  obtain the statio-pressure 
different ia l  of the wedges. 

.The 41-tube pitot-pressure rake deaoribed in   reference 7 waa 
wed for the wake e m y  ( f ig .  3 ( b ) ) .  

In an auxiliary  investigation, a f la t  plate waa mounted perpen- 
d i o u l a r  t o  t h e  air stream t o  generate a strong ehock wave behind the 
wing t i p  (fig. 3 ( c ) ) .  

In a previoue investigation reported in  reference 7, daKnwash 
angles were determined wing a nul l  methd; that fB, t he  static 
pressures on opposite sMes of a wedge placed in *e darnuaah field 
were  balanced and the inclinatfon of the wedge was then measured. 
"8 method established the dfrection of the afr stream at the wedge 
apex. Inasmuch 88 excessive .tfme waa required to   ba lmce  the s t a t i c  
pressures, a fagter method of determfning t h e  flow angle w88 developed 
f Or the present 8XpTil7Lmt. 

In t h i s  fnveatigation, the flaw angle determined by t a u  
two reading8 of wedge inclination  (within 1.5O of the actual f Low 
angle) and the corresponding etatfc-pressure differentia-  acmsg 
the wedge. The wedge hul ina t ion  corresponding t o  zero s t a t i c -  
pressure  differential waa then found by a linear Interpolation. 
The interpolation for the  inclination  correspording to zero s t a t i c -  - 
pressure  differential 8croas the wedge w a s  jwtified by a wedge 
calibration which indicated that t h e  atatic-pressure  differential  
is proportional to wedge angles of attack for anglee less than 1.5'. 

The damKash angle a t  amy station wae assumed to be the di f -  
ference between the flow angle obtafned wlth the wing a t  an angle 
of attack n d  the flow angle obtained  with the wfng at an angle of 

anglee of attack between -8O and 8O for. the   e ta t iom  id ica ted  In 
figure 4. Chordwise stations are designated by their distance in  
chords behiml the wing leading edge. Coordinates of. spanwise 
atatians are pesented in table I. The symbols used herein are 

attack Of 0'. m w a h  ?Ug188 w6FB determined for & rang8 Of Wing 

defined i n  8pPdix A. 

.L 
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9chlieren photographe were taken  with a flat plate mounted 
behind the wing t ra i l ing  edge t o  obtain an estimate of the Bpanxise 
position of the minimum t o t a l  pressure i n  %he wake. 

The perturbation  velocities behind a wing are dependent on t h e  
etrength and the  location of the shed vorticity.  Vorticity i8 shed 
in the form of' a vortex sheet fram the   t ra i l ing  edge of a lif'ting 
surface with a spanwise load gradient.  Generally, t h i s  vortex sheet 
ro l l s  up at its outbox& edges un t i l  the entire  vorticity is ultimately 
concentrated in two c0-8 that trai l  behind the w i n g  t i p s  a t  the  vortex 
centem of gravity  (reference 6 ) .  

The vortex  sheet r o l l s  up faeter when the wing is a t  larger 
angles of attack inasmuch aa the perturbation  velocities (dowrwa8h 
and sidewash), which i n  effect  cauae the  distortton,  increase w i t h  
angle of attack. 9imulkaneouely with the rol l ing up a t  the edges, 
the remaider of t h e  vortex sheet is displaced' dawnward by the 
vertical  perturbation velocitierJ (downwash). For the rectangular 
w i n g ,  the distance behind t he  t r a i l i ng  edge at which . the trailing 
vortex sheet may be considered essentially rolled up is (by the 
method of reference 6) 

e t  - t 1.5 - - 8 '  
C CLS' c 

where 8 and 5 '  are  the  span and area, respectively, of t he   t i p  

region (-1 <= ps' .S 0) of the half w i n g .  
C 

The method of reference 8 was ueed t o  obtain a theoretical 
estimate of the form and the location of the distorted vortex sheet. 
In this method, t h e  t ra i l fng  vortex sheet is repreeented by a f i n i t e  
number of trailing l ine  vortices. The displacement of each line 
vortex (caused by the sidewaah and d m " p h  MUG& by the ramElinfng 
line  vortices) during succeseive tims intervals is calculated. The 
diaplamments of all t h e  l ine vortices then define the  distortion 
of the shed vortex sheet. Us- the lifting l ine   qproximt ion  
discussed -in append€x B, the method f o r  ualculating the distortion 
is developed in appendix C. 
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Theoretical values of the d-h parameter &/da behind the 
c rectangular wing were caqmted assuming that the trail ing vortex 
P 
0 4  
Eo 

sheet ie (1) undistorted or (2) completely rolled up. The actual 
dararash f i e ld  progressively changes f ram that induced by the undis- 

vortex sheet as the angle of attack o r  the dmtream distance T s  
increased. Lifting 1ine.methOds (references I and 9 )  were wed t o  
determine the downwash parameter -dc/da fo r  the caee where the 
vortex ahaet is aseumed to be undistorted and t o  lie in the plane 
of the w i n g  (z=O plane). The equations are presented in appendix 33. 
The charts of reference 2 were employed t o  determine values of 
-dc/da at  statims near the Mach cone from the leading edge where 
llfting llne theory yields inaccurate  results. A single line vortex 
with circulation rm, located (in the z=O plane) apamdse at  the 
center of gravity of the undistorted vortex sheet behind the half- 
wing,  was used t o  represent the completely rolled up vortex  sheet. 
For the experimental w i n g  (fig. 4), the spawise locatian of the 
vortex center of gravity is 

F" t&ed  vmtex eheet to tha t  induced by the cnnrpletely rolled up 

wake Surrreg 

The wake profileB fo r  anglee of attack of Oo, 4O, and 8O are  
presented for each station in figure 5. The wake fn temi ty  AE/H 
is plotted 88 a function of z . A t  all s ~ d s e  stations  the wake 
widens and hae a lower maxirmmr intensity w i t h  increasfng  distance 
dawnstream. In the region near y = - By' = 0, a comparative- large 
Increase in maximum wake lnteneiky and w a k e  width occurs at the 
higher angles of attack (fig. 5 ( c ) ) .  In this region &bo, the 
curves generally  exhibit two maxbnmts (a t  epanwise atatfona m, n, 
and 2 i n  f iw.  5(b) and 5(c)). The upper, broader maxfmum is t h e  
result of the rolling up of the vortex sheet. The bmadth of the 
curve Bssocfated wfth thls maxSrmna indicates the extent of the core 
of vorticity.  (The tern core of vorticity denotes the rolled up 
parts of eia.er a partly rolled up or  a fully rolled up vortex 
shest. ) The lower maximum locates the relatively undistorted p a r t  
of the vort.ex sheet. 

C 
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The vertical  coordfnates of' the wake intensity mxjnn,mn are 
plotted f o r  an angle of attack of 8O at the 1.5-chord etatfon 
(x = 1.5) and the  J-chod &&%Ion (x = 3.0) i n  figure 6 .  These 
maxhmm~ define the location of the trailin@; vorticity  (reference LO). 
The theoretical  displacemnt of the vortex eheet (as detemined*frcan 
equation (C4) using 10 equally epaced Une vortices with n = 2/5) 
is presented for camparison. Theoretical  vortex  eheet displ&oements 
near t h e   t i p  m e  not indicated inasmuch a8 the vortex apiral in th i s  
region is not  accurately Ctef in& by these equations. The reglob of 
the wake survey (fig.  5) that  has a pressure deficiency, and which 
therefore  indioatee  the spread of the wake directly behird the wing ,  
is indicated by slant linee. Tbeee 1-8 are dashed where the extent 

sive  roll ing up of the vortex aheet is i d i ca t ed  by t h e  growth, with 
increase in x, of the large ehaded region near y = 0. 

Of the -wake i8 h 8 E  cle8Xu defined bg t h e  survey. The p r o m a -  

"he discrepancies between the  theoretical and experimental 
locations of the shed vortfcity rmult fram the simplifying assump- 
tfons of the  theory. The present method, however, gives better 
agreemsnt with  the e x p e r h n M  results of thls  inveertigation than 
the method (deecribed in  reference 4 )  of integrating the downwash 
angle with respect to  distance along a streamline. It is eviden-b 
that  a  mre  accurate theoretical determination of the vortex eheet 
location ie deeirable. 

D a m w a s h  Survey 

Theoretical and experimental  variations of dawnwaah angle w i t h  
angle of attack ~ t r e  compared i n  figure 7. The theoretical  values, 
bmed m the assumption of an undistorted  vortex sheet, were obtained 
efther fram l i f t i ng  line theory (equation (BI) 1 o r  frm the charbe 
of reference 2. In  general, a t  each station  the experimental pofnta 
form a smooth s p m e t r l c a l  curve about the  coordinate origin. The 
nonlinearity of these c m e 8  is mainly the result of the displacement 
&nd the ro l l ing  up of' the t r a i l i ng  vortex eheet BB t he  downstream 
dtatance or the angle of attack irs increased. 

Experimental e-se variatfone of a m  compared i n  
figure 8 with theoretical  variations for each chordwise station. 
Data for plotting experimbntal p in t a  were obtained by measuring 
the s l o p e  of the curves i n  f igum 7 at angles of attack of Oo, 4O, 
and 7'. Faired  experimental curve8 are included for t h e  3-chord 
s ta t ion fn the plane of the wing (xes, 2-0, f i g .  8 ( a ) )  t o  show 
significant trends. Two theoreticalcurves of the spanwise variation 
of based on the limiting ebsamptione of an m i s t o r t e d  vortex 

. 
rr 
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sheet and of a completely rolled up vortex sheet are  included for 
+ comparison. The completely rolled up vortex sheet fo r   t he  rec- 
CN tangulax half -wing fe qqpeeented by a single  l ine vortex located' 
P (in t h e  z=O glane) s-se at the vortex center of gravity 
F" 

tD 

= = -0.252. 

A t  the x = 3, z = 0 station (fig.  8(a)), the experimental values . 
of -dc/da for an angle of attack of Oo are   in   c lose agreanH3nt with 
the theory based on the  assm@ion of an undistorted vortex  sheet. 
As the angle of attack is increased t o  4O, and then t o  7O, however, 
the  experimental G U T V ~ E  amroach the curve produced bs the single 
line  vortex. This trend is a dfrect result of the mlllng up of the 
vortex sheet.  BmoreticalQ,  the  rolling up. process ia almost 
complete.at the x = 3 s ta t ion  f o r  a = 7O, inasmuch as the ro l l ing  
up dbtance is %en (et+c>/c = 3.52 (fkm equation (I)) .  The 
trends of the experimental curve? indicete that the  center of the 
core of vort ic i ty  is located near y = -0.12 for a = 4' and near 
y ~-0.16 f o r  a = 7O. 

For the x = 3, z = 0.353 s ta t ion  (fig. 8(b)), *e ccanparatively 
large  negative values. .of ac/h near y = -O -2 f o r  a = 40 and 
near y = -0.4 f o r  a = 7O indicate that t he  center of the  core of 
vorticity i~ in effect   c loser   to  the experfmental atations  than the 

angle of attack of -40, by chance, the effects of the core of 
vort ic i ty  and the displaced vortex sheet combine to produce the 
result theoretically predicted with the assumption of an undiatarted 
vortex sheet. At t h i s  angle of attack t h e  s m e g  stations are closer 
to the unrolled part of the vortex sheet than to the center of the 

v- theoretical   l ine vortex (assumed to l i e  i n  the z=O plane). A t  an 

.. 

core of vorticity.  

A t  the l.5-chord s ta t ion   (xd .5 ,  z=O), the vortex sheet i~ l eas  
distorted than at the 3-Chord station (fig,  6). A t  x = 1.5, the 
experimental values of -d€/du f o r  40 and 70 angles OF attack 
(fQ. 8(c)) therefor8 lie closer to the theoretical values bmed on 
the assumption of an undiatorted vort0x sheet than those at z = 3 
(fig. 8(a>). The strength of the core ie considerably lees than 
that indicated at the 3-chord station. The trends of the experi- 
mental points at x = 1.5 (f fg. 8(c)) fndfcate that the center of the 
core of vortfoity is located near y = -0.04 fo r  a = 4O and near 
y = -0.10 for a = 7O. 

The experimental data of f igum 8 thus indicate the rate of 
rolling np of the vortex sheet x i th  downatream distance and engle 
of attack. The approximate location of the center of the core. Crp 
vorticity moves inboard tarard the theoretical value of REI the 
vortex sheet rolls up. 

- 
-. 
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Auxiliary Survey of Tip Region of Wake 
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Typical flash schlieren photographa taken  with a flat plate 
installed.damstream of the wing (fig. 3(c) )  are shown i n  figure 9 
for wing angles of attack of -2O and -8'. A t  angle of attack,the 
bas wave ctrused by the f lat  plate is preceded by a conical shock 
tha t  occurs  because of the decrement in  t o t a l  pressure 'dawnetream 
of the wing side edge (indicated in f i g .  5).  As the angle of attack 
is increaeed, the t o t a l  pressure b e h i d  the wlw side edge decreases 
and the  conlcal shock occum farther upstream. The apex of the 
conical shock is believed t o  occur a t  the Location of the  pitot-  
pressure minimum (the Hake survey is not  extensive emugh to   ver i fy  
t h i a  ) and to  indicate  the  position of the  trail ing  vortex core i n  
regions where the  trailing  vortex  sheet has begun t o  roll up. The 
technique of ar t i f ic ia lQ  introducing a strong shock behind .a super- 
Sonic wing to  detect   the presence and the Location of t r a l l i ng  vortex 
cores was suggested by Harold Mirels of the NACA Lewis laboratory. 

This investigation  irdicates  that  the uaual detached shock con- 
figuration ahead of an obstacle  in a supersonic stream is greatly 
modified by the  presence of a wake. Thus, f o r  example, flow meamme- 
ments w i t h  instruments  having relatively  blunt  leading edges require 
correction for the .abnommal shock configuration  in  the  vicinity of 
the wake region. 

The conical shock angle (fig. 9(b)) clodely agree8 with the 
theoretical  shock  angle obtained for a cone w f t h  an apex angle equal 
t o  the angle formed  by the l ines bounding the  subsonic region within 
the experimental conical shock  (omitting the region of l a r g e  c m a -  
t u r e  near the apex). The subsonic region LEI therefore probably a 
region of .approximately constant s t a t i c  pressure i n  which low eddying 
velocities exist. 

CONCLUDING REMARK3 

The resul ts  of an investigation of the damwash end wake in   the  
region of tsle trailing  vortex  sheet behind a rectangulax h a l f - w i n g  
at  a Mach number of 1.31 have been preeented . 

A t  small angles of attack, the experimental spanwiee variation 
of -d€/da generally follows the trends  indicated by linearized 
theorf baaed on the assumption that the trailing  vortex  sheet i s  
undistorted. A t  higher  angles of attack, however, the dwwash f i e l d  
in  the  vicinity of the vortex sheet I s  greatly influenced by the 
rol l ing up of the vortex sheet. The form and the location of the 
vortex sheet is indicated by the wake survey. 



2 NACA RM E50H30 9 

The large irrPluence of vortex sheet distortion on the downwash - i n  the vicinity of the vortex aheet emyhat~izes the need for a campre- 
hensive experfmental progran to verffy and extelld existing theory f o r  
the  rolling up of the vortex sheet and ita effect on t h e  dawnwaElh 

P 
0 4  a 
P field . 

Lewis F l i a t  Propulsion Laboratory, 

Cleveland, Ohio. 
National Advisory Conunittee fo r  Aeronautics, 
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SYMEOIS 

The following symbols a m  wed i n  thier report: 

2 u S' P 2  

wing chord (0.5 f t  on model) 

dbtance downstream of wing tralling edge at which t r a i l i ng  
vortex  sheet is essentially rolled up 

pi tot  pressure in  free stream 

pi to t  pressure in- wake 

E-%? 

lift of wing 

free-stream Mach number . 

defined i n  appendix C 

S f  

8 '  

U 

W 3 
x =  

area of t i p  regian (-1 5 y 5 0) of half wing 

span of t i p  region (-1 d y S 0) of half win@; 

free-atreaan  velocity 

perturbation  velocity cmponente i n  x' , y r f z '  directione, 
reapectfvely 

X' 
L 

C 
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c Y =  C 

E G z =  . .  

Eo 
F-r - C . .  

y s p w i s e  coodinate  of center of gravity of vortex system 

a angle oP at tack 

$ cotangent of Mach -le, d z  
circulation of f i g  

p free-stream density 

- Subscripts : 

I 0 fntegration  variable 

1 location CCP liftfng line 

1 coordinates of' trailing l i n e  vortices 
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AFPEIlDIX B 
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EQUATIONS FOR LIPTIFIG-= APPROXIMA!TIOIi 

For an unbent lifting line (horseshoe-vortex syatem) lying 
along the line xl,zl, tbe damvash paranteter at a s ta t ion  x,y, z 
ie gfven by (reference 1) 

&C 
aa' 

where 
tained 
dimensional coordinate eystem is so employed that, 

7 I Y =  @s' 

where x '  , yf  , and z ' are the m i c a 1  coordinatea w i t h  origFn defined 
in the list of eymboLs. 

For a semi-infinite rectangular 

along the t r a i l i n g  edge, is constant 

region (-1 5 y 5 0 )  where 

a3ld the shed vortioity is 
L 

+ tan-= @I 
J 



An unbent l i f t ing line be apmoximated by a finite nmber 
of horseshoe vortices (reference 10). The dounwaeh induced by these 
horseshoe vortices fe, frm equation (Bl) 

SMlarly,  the downwash induced by 8 syetem of trail ing line vortices 
ie  (reference 1) 

Inasmuch as the bound vortices do not contribute to the sidewash, 

with -(z-zi) in the llumerator. Thua, 
* the sidewash mag be obtained from equation ( C Z )  by replaoing ( y-yi) 

A unit of tlms is defined aa t = - nc 
U’ which corresponds t o  a 

downstream movement of the sortex sheet of n chords. During this 
time interval the dawnwash and sidesTash, acting 011 a line vortex, are 
aesumed canstmt. The displacements Ayl and Azl of a line vort;ex, 
induced by the reminder of the vortex system during time t, are 
then 
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An tmD1icft aesumption of t h i s  approximation irr thak the trailing 
vortices are generatom af sed- id in i ta   cy l inders ,  whereas the 
vorticea actually  generate  amaces more nearly membling come 
(reference 7). Successive  applica-t;ion of equations (GI), (C3) , 
and ((X), fntroducing the line vortex coorilinettes calculated  in 
each previous  step, yields the dieplacementa of each line vortex 
at damstream  distancee  nc, 2nc, 3nc, . . . , succes8 ively . The 
accuracy of the approximation is Improved, of cuurse, by assuming 
emallor values of' n. 
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Figure 4. - Rectangular w i n g  and survey stations. 
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Figure  7. - Variation of downwaah angle with angle of attaok. 
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(f) Stations 3m to 3r; x = 3; z = 0. 

F i g w e  7. - Continued. Variation of damwash angle with angle 
of attack. 
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Figure 8. - Sparmi88 distribution of 4C/da. 
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